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1. Introduction 
Although the agricultural activity is only one of the several sources of water pollution, it is 
thought to be an important cause on reducing the water quality through pollution by 
agrochemicals, in special pesticides. Environmental water pollution by pesticides is a topic 
of current international concern with widespread ecological consequences. The selective use 
of pesticides to control pests (insects, weeds and diseases) and vectors of plant diseases can 
aims at the increase of production of food crops. In agricultural production, herbicides are 
often used to efficiently control of weeds, however there is widespread concern over the 
effects of these synthetic chemicals on native fauna and flora. The risks of herbicides use to 
kill or otherwise manage certain species of plants considered to be pests need to be balanced 
against the benefits to the production. Plant pests, or weeds, compete with desired crop 
plants for light, water, nutrients and space. To reduce the intensity of the negative effects of 
weeds on the productivity of desired agricultural crops, fields may be sprayed with an 
herbicide that is toxic to the weeds, but not to the crop species. Consequently, the pest plants 
are selectively eliminated, while maintaining the growth of the desired plant species. 
The degradation of applied pesticides or their conversion into other products does not 
necessarily mean the loss of biological activity, and many times, this conversion can result in 
even more toxic products. The study of the persistence of pesticides in crop fields is of great 
importance in order to evaluate the risks of environmental pollution. Due to the model of 
agriculture adopted in Brazil, pesticide usage has become intensive and many related 
environmental problems are occurring (Steckert et al., 2009). The characteristics of rice 
fields, the climate conditions and the use of pesticides contribute to the enhanced risk of 
surface water pollution, justifying the need to quantify their degree of occurrence and to 
implement measures to prevent it.  
The irrigated agriculture of the Rio Grande do Sul State, in the Southern Brazil, is 
responsible for more than 60% of the Brazilian rice production (CONAB, 2010), 
corresponding to more than one million hectares. The cultivation of irrigated rice can 
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generates a great impact to the environment, so much in amount as in the quality of the 
surrounding water because demands intense agrochemical use, mainly herbicides, 
insecticides and fertilizers (Noldin et al., 2001). 
In Brazilian conditions, the contribution of agriculture to water pollution is not well 
quantified, but in United States, 50 to 61% of the pollution load that affects lakes and rivers 
come from agriculture (Gburek & Sharpley, 1997) being the superficial runoff the main 
mechanism of pesticides transport. Although agriculture is just one of the countless 
nonpoint-sources of pollution, it is generally targeted as the largest source among all 
pollutant categories. In Brazil, the culture of irrigated rice is notable in the Rio Grande do 
Sul State, with more than 70% of the Brazilian cultivated area of this culture, using circa of 
5000 m3 of water per ha (Machado et al., 2006).  
In most of the rice farms, the pesticide applications is followed by the irrigation and 
depending on the handling of the water and on the occurrence of rain after pesticide 
application, there is a risk that part of the applied compounds will be carried out of the area, 
contaminating water sources (Jury et al., 1990; Squillace & Thurman, 1992; Solomon et al. 
1996; Primel et al., 2005). 
Irrigated farming for food production is the agricultural practice that most contributes to the 
deviation of water from its natural courses. Scarcity of water resources, which is occurring 
on a world-wide level, as well as the use of a large quantity of water, which is partially 
returned to its natural sources, makes irrigated rice farming a serious concern in terms of 
possible consequences for the environment, both in quantity and quality of the water 
sources (Kurz et al., 2009). 
Rice productivity levels in Brazil are high, reaching an average value of approximately 6.0 t 
ha-1, similar to that obtained in countries with tradition in irrigated rice farming, such as the 
United States, Australia and Japan. However, this high productivity is associated with the 
intense use of pesticides (Baird & Cann, 2005). Herbicides are potential contaminants of 
environmental water because they are directly applied to the soil or irrigating water. Thus, 
they can be leached to the surface water and transported into the groundwater (Hatrík & 
Tekel, 1996; Zanella et al., 2002). According to specialized literature (Barceló & Hennion, 
1997; Primel et al.; 2005; Cabrera et al., 2008), a pesticide can pollute the aquatic 
environmental if its solubility in water is higher than 30 mg L-1; its Koc, organic carbon 
partition coefficient, is less than 300-500; its KH, Henry Law constant is less than 10-2 Pa m3 
mol-1, its soil half-life is longer than 2-3 weeks and its water half-life is longer than 25 weeks. 
In the pre-germinated system of irrigated rice cultivation frequently employed in Brazil, 
drainage from the area after sowing can set off serious environmental problems, as well as 
cause the loss of nutrients and/or pesticides that are in suspension in the irrigation water 
that is released. This has been evidenced in studies carried out by Primel (2003) and 
Machado (2003), where the occurrence of some herbicides, mainly those that present high 
persistence, was confirmed in river and irrigation waters. In Brazil some studies has been 
done until now to investigate the behavior and destination of herbicides in the systems 
related to the rice paddy fields in an attempt to evaluate the risk to the environment. 
(Zanella et al. 2002; Noldin et al., 1997: Bortoluzzi et al. 2006; Marchesan et al. 2007; Resgalla 
et al., 2007; Bortoluzzi et al. 2007; Grützmacher et al. 2008; Caldas et al. 2009; Silva et al., 
2009; Caldas et al. 2010; Demoliner et al. 2010; Marchesan et al. 2010; Reimche, 2010). 
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Herbicides can became a non-point source of pollution and, once in water, they spread in 
the environment, being hard to avoid their dispersal and their action on non-target 
organisms. Persistent and high-mobility herbicides have been detected in surface waters 
(Pereira & Rostad, 1990; Thurman et al. 1991; Thurman et al. 1992; Huber et al. 2000) and 
underground (Walls et al., 1996; Kolpin et al., 1998), meaning risks for the environment, 
especially for the quality of water. In rice paddy fields, flooding increases the chance of 
herbicide transport through rain water or tailwater runoff, increasing the potential of 
environmental pollution. Due to cultural practices that include soil tillage, intensive use of 
irrigation by flooding, and high intensity of fertilizers and pesticides application, the rice 
paddy presents potential risk of decrease water quality. This problem can be even more 
intense in pre-germinated rice system where the initial drainage after soil preparation not 
only results in losses of considerable amounts of water but also carry sediments and, 
consequently, the loss of nutrients and pesticides adsorbed to the sediments or dissolved in 
the solution. Moreover, in most rice paddy, the applications of herbicides are followed by 
flooding and in some cases, the pesticides, especially some herbicides and insecticides, are 
applied directly in irrigation water. According to the water management adopted and to the 
rainfall after the application, there is a risk that the residues of these products are carried 
outside of the area and contaminating the water bodies, even though the concentration of 
herbicides in irrigation water is, in general, low (Squillace & Thurmann, 1992; Sudo et al. 
2002; Añasco et al., 2010). 
Several surface water monitoring programs have been carried out to quantify the degree of 
water pollution by pesticides related to rice paddy fields (Kammerbauer & Moncada, 1998; 
Huber et al., 2000; Kolpin et al., 2000; Bouman et al., 2002; Carabias-Martínez et al., 2002; 
Laganà et al., 2002; Cerejeira et al., 2003; Carabias-Martínez et al., 2003; Palma et al., 2004; 
Konstantinou et al., 2006; Marchesan et al., 2007; Siemering et al., 2008; Baugros et al., 2008; 
Woudneh et al., 2009; Añasco et al., 2010). Analysis of temporal variations of pesticides 
shows that herbicides present relatively higher concentrations in the earlier stages of the rice 
planting season, while insecticides and fungicides have relatively higher concentrations at 
the later stages (Añasco et al., 2010). 
Rice crop conducted under flooded conditions is pointed out as being an activity of high 
pollution potential. The factors that contribute to this claim are the large amount of water 
used to maintain the flood, the usual proximity of the fields to surface water bodies, the 
predominant shallow aquifer in these areas, and the intentional and unintentional release of 
water from the field (Machado et al., 2006). Several studies investigated the extension of 
herbicides runoff from paddy fields to the environment. In general, high herbicide 
concentrations were usually observed in the stream water following pesticide application 
periods and are generally detected in concentrations in levels of ng L-1 for only 2 to 3 months 
after use. (Ueji & Inao, 2001; Nakano et al., 2004; Numabe & Nagahora, 2006; Son et al., 2006; 
Comoretto et al., 2008).  
2. Objective 
The aim of this chapter is to present results from the evaluation of the persistence of the 
currently used herbicides bentazon, bispyribac sodium, clomazone, imazapic, imazethapyr, 
metsulfuron-methyl, penoxsulam, propanil, quinclorac and 2,4-D in rice paddy water from 
fields located in the Rio Grande do Sul State, in Southern Brazil, in order to assess the 
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pollution risk of water from surrounding areas. Field experiments were conducted in 
irrigated rice experiments carried out in the Weed Science Department of the Federal 
University of Santa Maria (UFSM). Analyses were performed in the Laboratory of Analysis 
of Pesticide Residues (LARP) from the Federal University of Santa Maria (UFSM). Water 
samples were collected periodically and the herbicide residues were preconcentrated by 
solid phase extraction (SPE) followed by the determination by Liquid Chromatography with 
Diode Array Detection (LC-DAD) or Liquid Chromatography coupled to tandem Mass 
Spectrometry (LC-MS/MS). 
3. Methods  
3.1 Characterization of the physico-chemical properties of the herbicides 
The more important properties of the studied herbicides are described in this section. Table 
1 presents information about the evaluated herbicides. 
Bentazon, 3-(1-methylethyl)-(1H)-2,1,3-benzothiadiazin-4(3H)-one 2,2-dioxide, is a post-
emergence benzothiadiazinol herbicide used for selective control of broadleaf weeds and 
sedges in crops like rice, corn, beans and peanuts. Its selectivity is based on the ability of the 
crop plants to metabolize bentazon quickly to 6-OH- and 8-OH-bentazon and conjugate 
these with sugars, while weeds do not, so that photosynthesis is disrupted and the weeds 
die (Huber & Otto, 1994). The small Kow value precludes bioaccumulation. Technical and 
formulated forms of bentazon are classified by EPA as practically nontoxic to fish. Bentazon 
does not bind to, or adsorb, to soil particles and it is highly soluble in water. These 
characteristics usually suggest a strong potential for groundwater contamination. Its rapid 
degradation is expected to prevent the contamination of groundwater. EPA estimates that 
bentazon may be found in about 0.1% of the rural drinking water wells nationwide. 
Bentazon has the potential to contaminate surface water because of both its mobility in 
runoff water and its pattern of use on rice. Bentazon appears to be stable to hydrolysis and 
has a half-life of less than 24 h in water because it undergoes photodegradation (EPA, 1985). 
Bispyribac-sodium, sodium 2,6-bis(4,6-dimethoxypyrimidin-2-yloxy)benzoate, is a 
herbicide registered for use in irrigated rice farming in Brazil and in several other countries. 
It is indicated for the post-emergence control of grasses. This herbicide belongs to the 
toxicological class II, considered very toxic. The compound has a half-life in soil of less than 
10 days (Ware, 1994; Vencill, 2002). Bispyribac-sodium presents a lethal dose of 3524 mg kg-1 
when applied orally in rats, and presents CL50 for trout (96 h) > 100 mg L-1 and CL50  for 
Daphnia (48 h) > 100 mg L-1 (EPA, 2001; Tomlin, 2007). 
By the Goss classification, considering the physicochemical properties, bispyribac sodium 
presented intermediate probabilities to be found in surface waters, showing Medium Water-
Phase-Transport Runoff Potential (MWTRP) and Medium Sediment-Transport Runoff 
Potential (MSTRP) (Caldas et al., 2011). 
Clomazone, 2-[(2-chlorophenyl)methyl]-4,4-dimethyl-3-isoxazolidinone, is moderately 
mobile in sandy soils and its half-life in soils range from 5 to 117 days, depending of the soil 
and climatic conditions (Curran et al., 1992; Kirksey et al., 1996; Mervosh et al., 1995). 
Studies show that the clomazone concentration in soil solution is dependent on the amount 
of carbon and water in the soil (Lee et al., 2004). The clomazone is widely used against 
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species of annual broad leaf weeds and Grass in the cultivation of soybeans, cotton, rice, 
sugar cane, corn, tobacco and a variety of other vegetable crops (Zanella et al., 2000).  It is 
stable at room temperatures for at least 2 years and it is also stable at 50 ºC for at least 3 
months. The properties of clomazone indicates its potential for aquatic environmental 
pollution and has been detected in the majority of the water samples collected from rivers 
located close to irrigated rice fields in the South of Brazil (Zanella et al., 2002). 
Imazethapyr, 5-ethyl-2-[(RS)-4-isopropyl-4-methyl-5-oxo-2-imidazolin-2-yl]nicotinic acid, 
and imazapic, 2-[(RS)-4-isopropyl-4-methyl-5-oxo-2-imidazolin-2-yl]-5-methylnicotinic acid, 
are imidazolinones herbicides sold as a commercial mixture containing 75 and 25 g active 
ingredient L-1 of imazethapyr and imazapic, respectively. This product is applied in pre- and 
post-emergence for the control of red rice which cause damages in the production and 
commercialization of the grains (Kraemer, 2009).  
The persistence of these herbicides in soil is influenced by the pH (Loux & Reese, 1992), by 
the humidity (Baughman & Shaw, 1996) and organic matter (Stougaard et al., 1990; Alister & 
Kogan, 2005). The main dissipation mechanisms are the microbiological degradation (Goetz 
et al., 1990) and the photolytic decomposition (Mallipudi et al., 1991). Imazethapyr and 
imazapic undergoes limited biodegradation in anaerobic conditions (Senseman, 2007; Santos 
et al. 2008). 
Metsulfuron-methyl, methyl 2-(4-methoxy-6-methyl-1,3,5-triazin-2-ylcarbamoylsulfamoyl) 
benzoate, is a residual sulfonylurea compound widely used as a selective pre- and post-
emergence herbicide due to its selectivity against a wide range of weeds in cereal, pasture, 
and plantation crops. It is a systemic compound with foliar and soil activity, and it works 
rapidly after it is taken up by the plant. Metsulfuron methyl is expected to have moderate to 
very high mobility and if released into water is expected to have little to no adsorption to 
suspended solids and sediment. Metsulfuron methyl is expected to biodegrade in water 
based on its behavior in soil. 
Penoxsulam, 2-(2,2-difluoroethoxy)-N-(5,8-dimethoxy[1,2,4]triazolo[1,5-c]pyrimidin-2-yl)-6-
(trifluoromethyl)benzenesulfonamide, is a sulfonamide herbicide for post-emergence 
control of grasses, sedges and broadleaf weeds in paddy rice. Soil sorption values are 
inversely related with the pH, indicating that penoxsulam is qualitatively mobile. EPA 
(2004) has classified this herbicide as a reduced risk pesticide but has also concluded that 
there are uncharacterized risks, particularly to plants and microbial communities. 
Propanil, 3',4'-dichloropropionanilide, is one of the most used herbicides in the cultivation 
of irrigated rice in Brazil. It is a post-emergent selective herbicide of contact with short 
duration used to control the electron transport inhibition of photosynthesis in herbs of wide 
leaves (Tomlin, 2007). According to Barceló et al. (1998) it was also one of the most used in 
Tarragosa (Spain) and according to Coupe et al. (1998) it was extensively used in the area of 
the Mississipi Delta (USA). Various studies have pointed out that propanil is degraded 
quickly into 3,4-dichloroaniline (3,4-DCA) (Dahchour et al., 1986; Correa & Steen, 1995; 
Barceló & Hennion, 1997). Propanil is weakly adsorbed by the soil, is moderately mobile in 
sandy soils and of low mobility in clayey soils, with half-life of 1 to 3 days (Vencill, 2002). 
Quinclorac, 3,7-dichloroquinoline-8-carboxylic acid, is widely used in post-emergence 
against species broad leaf weeds in the cultivation of irrigated rice. Quinclorac has variable 
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mobility depending on soil type and organic matter and it can persist in the soil for one year 
affecting susceptible crops in rotation programs (Vencill, 2002). Quinclorac presented 
intermediate probabilities to be found in surface waters, showing Medium Water-Phase-
Transport Runoff Potential (MWTRP) (Caldas et al., 2011).  
2,4-D, (2,4-dichlorophenoxy)acetic acid, is a selective herbicide used to kill broadleaf weeds. 
2,4-D is one of the most widely used herbicides in industrial, commercial, and government 
markets. Crops treated with 2,4-D include rice, corn, soybeans, wheat, sugarcane, and 
barley. Introduced in 1946, 2,4-D continues to be one of the most important herbicides across 
the globe. 2,4-D is readily broken down by microbes in soil and aquatic environments; half-
life in soil is 7-10 days and the half-life in water is 3-28 days. There is little tendency of 2,4-D 
to bioconcentrate. Leaching to groundwater may occur in coarse and sandy soil that has a 
low organic content. Agricultural run-off containing 2,4-D may contaminate groundwater, 
which may impact drinking water in some areas (EPA, 2005). Because 2,4-D has 
demonstrated toxic effects on the thyroid and gonads following exposure, there is concern 
over potential endocrine-disrupting effects. 
The herbicide 2,4-D has a low binding affinity in mineral soils and sediment, and in those 
conditions is considered intermediately to highly mobile. Although 2,4-D is highly mobile, 
rapid mineralization rates may reduce the potential of 2,4-D to affect groundwater (Boivin et 
al., 2005). The compound 2,4-D has been detected in streams and shallow groundwater at 
low concentrations, in both rural and urban areas (McPherson et al., 2003). In a monitoring 
study, traces of the herbicide 2,4-D were detected in 49.3% of finished drinking water 
samples and 53.7% of untreated water samples, with detections between 0.001 and 2.4 µg L-1 
(USDA, 2007). 
According to the GOSS criteria, regarding the water-phase-transport runoff potential, the 
herbicides imazethapyr and metsulfuron-methyl show high potential. Clomazone and 
imazapic besides presenting High Water-Phase-Transport Runoff Potential (HWTRP) 
showed Low Sediment-Transport Runoff Potential (LSTRP), which is a high indicative that 
these compounds have good chance to be found in surface waters. Some compounds such as 
penoxsulam show Low Water-Phase-Transport Runoff Potential (LWTRP) showing fewer 
tendencies to be found in surface waters. Bispyribac sodium and quinclorac due to their 
physicochemical properties, presented intermediate probabilities to be found in surface 
waters, in other words, Medium Water-Phase-Transport Runoff Potential (MWTRP) or 
associated with sediment (MSTRP). For the risk of contamination of the groundwater, 
according to the methods GUS and US-EPA, the herbicides bentazone, clomazone, 
imazethapyr, imazapic, metsulfuron-methyl, and quinclorac are classified as potential 
contaminants of groundwater. The herbicide bispyribac-sodium did not show any leaching 
tendency by both methods. Penoxsulam, propanil and 2,4-D show different classifications 
by the US-EPA and GUS methods, or due to the lack of physicochemical parameters the 
prediction was not possible. These differences between the methods can occur because they 
consider different physicochemical characteristics (Caldas et al., 2011). 
The main physicochemical properties of the herbicides related to the persistence in water 
are: solubility in water, vapor pressure (VP), octanol/water partition coefficient (Kow), acid 
dissociation constant (pKa), Henry's Law Constant (H) and half-life (t1/2). These properties 
can be used to estimate the risk of environmental pollution (Primel et al., 2005). According 
to Barceló & Hennion (1997), acid pesticides presenting pKa < 3-4, basic pesticides: pKa > 10; 
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polar have log Kow < 1-1.5, non-polar: log Kow > 4-5, and between these values the 
compounds are considered moderate polar. The pesticides with log Kow >3.0 undergoes 
bioaccumulation. The Koc is the soil organic carbon /water partition coefficient, which is the 
ratio of the mass of a chemical that is adsorbed in the soil per unit mass of organic carbon in 
the soil per the equilibrium chemical concentration in solution. Koc values depend on the 
hydrophobicity of the compounds and are useful in predicting the mobility of organic 
contaminants in soil. Higher Koc values correlate to less mobile organic compounds while 
lower Koc values correlate to more mobile organic contaminants.  
 
Herbicides 
(CAS number) 
Chemical 
structure 
Solubility in 
water, mg L-1 
Koc, 
cm3 g-1
Log
Kow
pKa
VP, mPa 
(20°C) 
KH, 
Pa 
m3mol-1 
Bentazon 
(25057-89-0) N
SO2
N
O
CH(CH3)2
H
570 34 5.8 3.2 0.17 7.4x10-5 
Bispyribac 
sodium 
(125401-92-5) 
N
N
O O
CO2Na
N
N
OCH3
OCH3
CH3O
CH3O
73300 5000 -1.03 3.35 5.5x10-6 3.1x10-11 
Clomazone 
(81777-89-1) 
CH2
Cl
N
O
O
H3C
H3C
1100 150-562 2.54  19.2 4.2x10-3 
Imazapic 
(81334-60-3) N
CH3
CO2H
HN
N
O
CH3
CH(CH3)2 2200 137 2.47
2.0; 
3.6 
<0.013 n.a. 
Imazethapyr 
(81335-77-5) 
N
N
H
N
O
CH3 CH(CH3)2
HO2C
CH3CH2
1400 10 1.49
2.1; 
3.9 
<0.013 1.3x10-2 
Metsulfuron-
methyl 
(74223-64-6) 
SO2NHCONH
N
N
N
OCH3
CH3CO2CH3
2790 2.9-27 -1.7 3.75 1.1x10-7 4.5x10-11 
Penoxsulam 
(219714-96-2) 
408 73.2 -0.60 5.1 2.5x10-11 2.9x10-14 
Propanil 
(709-98-8) 
 
Cl
Cl
NHCOCH2CH3 130 239-800 3.3  0.026 3.6x10-3 
Quinclorac 
(84087-01-4) 
NCl
CO2H
Cl
0.065 50 -1.15 4.3 < 0.01 <3.7x10-2 
2,4-D 
(94-75-7) 
Cl
Cl
OCH2CO2H 311 60 
2.6-
2.8 
2.73 0.019 1.3x10-5 
Table 1. Chemical structure and some physicochemical properties of the selected herbicides. 
Koc = soil/water partition coefficient; Kow = octanol/water partition coefficient, pKa= acid 
dissociation constant; VP= vapor pressure; KH = Henry's Law constant. (Barceló & Hennion, 
1997; Tomlin, 2007; Senseman, 2007; Dores & De-Lamonica-Freire, 2001). 
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3.2 Field experiment 
The experimental fields used in the studies were from the Weed Science Department at the 
Campus of the Federal University of Santa Maria (UFSM), Rio Grande do Sul (Brazil), and 
the experiments were conducted in different rice planting season (1999 to 2010). Figure 1 
present the where the experiments were conducted. The fields have a typical Albaqualfa 
soil, with medium texture, presenting the following characteristics: 44% sand, 32% silt, 23% 
clay and 1.8% organic material. Soil was prepared with disking and graded by water slide. 
A randomized complete block design with four replications was used, with plots of 4 x 4 m. 
The irrigation of each plot was done individually through a water-pump linked to a float 
hydrometer to keep a 10-cm deep water paddy. The treatments were with the application of 
the commercial formulated herbicides at recommended dose, in g active ingredient ha-1, 
how presented in Table 2. The herbicides were applied using CO2-pressurized backpack 
sprayers. Taking into account a 10-cm water slide, the theoretical initial concentrations, in  
µg L-1, estimated for each herbicide is informed in Table 2. 
 
Fig. 1. The rice paddy field where the experiments were conducted. Location: latitude 29° 
48´ 8.2” and longitude 53° 43´ 22.6” 
3.3 Determination of herbicide residues in water samples by Liquid Chromatography 
Analytical methods were developed and validated for the determination of the studied 
herbicide residues in paddy water using Liquid Chromatography with Diode Array 
Detection (LC-DAD) or Liquid Chromatography coupled with tandem Mass Spectrometry 
(LC-MS/MS). Samples were analyzed according the methods developed by Primel (2003), 
Zanella et al. (2003); Caldas et al. (2010) and Demoliner et al. (2010).  
Aliquots of samples, previously filtered in membranes of 47 mm of diameter and 0.45 µm of 
porosity were pre-concentrated in solid phase extraction (SPE) cartridges. The herbicides 
were eluted from the cartridges and the concentrations of the compounds were determined 
by LC-DAD or by LC-MS/MS with electrospray ionization (ESI). In order to achieve similar 
method limit of detection (LODm) values, the samples analyzed by LC-DAD were 
submitted to a higher preconcentration rate than the samples analyzed by LC-MS/MS. The 
LODm values for the selected herbicides are presented in Table 2.  
Rio Grande  
do Sul State 
Brazil 
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The parameters of validation of the method include analytical curve, linearity, limit of 
detection (LOD), limit of quantification (LOQ), precision, in terms of repetitivity and 
intermediate precision, and accuracy (recovery). Paddy water samples free of herbicides 
were used to assess the extraction efficiency of the proposed method and to observe the 
interfering peaks.  
3.3.1 Chemicals  
Herbicide standards were purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany). 
The stock solutions were prepared in methanol at a concentration of 1000 mg L-1 and kept at 
-16 ºC. The analytical solutions were prepared by dilution of this stock solution in the 
mobile phase. Solvents were Nanograde® degree (Mallinckrodt, USA), water was purified in 
the system Direct-Q UV3® (resistivity 18.2 M cm, Millipore, USA). 
3.3.2 Sampling 
Water samples were collected directly in 1 L amber glass bottles in each sampling site at 
different days after treatment (DAT). These bottles had been cleaned prior to sampling and 
was filled with the water sample to the top with as little remaining air as possible, and 
sealed tightly. All samples were properly labeled with details of the source and sampling 
date, and stored at 4 °C until the preconcentration step, which was carried out on the same 
day of the sampling. 
3.3.3 Liquid chromatography analyzes 
LC-DAD. Liquid chromatograph system from Varian (Palo Alto, USA) with a solvent 
delivery system model 9002, diode array detector (DAD) ProStar 335, system of data 
acquisition Star Workstation 6.0, analytical column Synergi 4 µ Fusion RP-80 (250 x 4.6 mm 
i.d.; 4 µm) and guard-column of the same material (4 x 3 mm), both from Phenomenex 
(Torrance, USA) was used.  
LC-MS/MS. Analyses of the investigated herbicides were performed on a Waters Alliance 
2695 Module HPLC, equipped with a quaternary pump, an automatic injector and a 
thermostatted column compartment, and detection on a Quattro micro API (triple 
quadrupole) mass spectrometer, equipped with an electrospray (ESI) ionization source 
(Waters, Milford, MA, USA). The chromatographic separation was performed with an 
XTerra® MS C18 (3.0 mm × 50 mm i.d., 3.5 μm) column Waters (Milford, MA, Ireland). 
Analytical instrument control, data acquisition and treatment were performed by the 
software MassLynx, version 4.1 (Micromass, Manchester, UK).  
The main advantage of the LC-MS/MS method is the use of MS/MS detector because it 
provides a high sensitivity and permits the confirmation of the herbicides identity. 
3.3.4 Sample preparation 
The samples were acidified to pH 3.0 with phosphoric acid prior the preconcentration step 
by SPE in cartridges containing octadecylsilane (C18). The cartridges were conditioned with 
3 mL of methanol, 3 mL of ultrapure water and 3 mL of ultrapure water acidified at pH 3.0. 
After the conditioning step, water samples were percolated through the cartridges using a 
SPE manifold.  
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For the LC-DAD analysis, samples were submitted to a high preconcentration rate to 
achieve the necessary method LOD. When LC-MS/MS was used, the sample preparation 
step was simplified using a low preconcentration rate, resulting in a faster method to 
perform. The use of LC-MS/MS allows the quantification with confirmation of the identity 
of herbicides. 
3.4 Determination of the half-life in paddy water 
The more stable the compounds, the longer it takes to break down. This can be measured in 
terms of its half life (t1/2), the time taken for the concentration of the compounds to be 
reduced to 50% of the initial value. The longer it takes to break down, the higher its 
persistence. The half life is unique to individual products but variable depending on specific 
environmental and application conditions.  
Herbicides half-life values in water were calculated according to the following equation: 
 t1/2 = ln 2 / k = 0.693 / k  (1) 
where t1/2 is the herbicide half-life in days, ln is the natural logarithm and k is the constant 
of the rate of the herbicides dissipation in water (Barceló & Hennion, 1997). The calculation 
of the degradation constant (k) was performed using the first-order rate equation: 
 -ln [Ct]/[Co] = k .  t  (2) 
where Ct represents the concentration at time t; Co represents the initial concentration; and k 
is the degradation constant, obtained by the inclination of the straight line.  
4. Results and discussion 
4.1 Sample preparation and determination of herbicides residues in water samples 
The liquid chromatographic methods by LC-DAD and LC-MS/MS proved to be a good 
option for the determination of herbicide residues in paddy water, allowing the analysis 
with high selectivity and sensitivity. The method LOD values for herbicide residues in 
paddy water presented in Table 2, considering the pre-concentration step, were in the range 
of 0.05 to 0.2 µg L-1. Good results for the preconcentration of herbicides from paddy water 
samples were obtained using C18 as sorbent with recoveries between 81 and 110%, and RSD 
lower than 13.4%. 
Method LOD values were below the maximum levels permitted for pesticides in surface 
waters, which are of 1 µg L-1 for individual pesticides and of 5 µg L-1 for total pesticides in 
water that will be destined for human consumption after treatment (Kuster et al., 2006). The 
analytical methods were validated and demonstrated to be accurate and efficient for the 
quantification of the selected herbicides. 
4.2 Persistence and half-life of herbicides in rice paddy water 
Table 2 shows information about the analytical methods, recommended dose of the active 
ingredient applied in the rice fields, the theoretical initial concentration in irrigation water 
and the persistence and half-life (t1/2) of the herbicides in rice paddy water.  
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The sampled paddy water presented in general pH values ranging from 5.5 to 6.5 and the 
air temperature during the experiments ranged from 9 to 38 ºC. 
 
Herbicides 
LODm 
(µg L-1) 
Recovery
(%) 
RSD 
(%) 
Recommended dose 
(g a.i. ha-1) a, c 
Detected 
until (days)
t1/2 
(days) 
 
References 
Bentazon 0.1 89 - 107 <7.5 
960 POST 
960 POST 
20 
22 
2.1 
3.8 
Primel, 2003 
Machado, 2003 
Bispyribac  
sodium 
0.1 93 - 99 <7.5 
50 POST 
50 POST 
50 POST 
35 
21 
60 
2.4 
2.0 
12.4 
Kurz et al., 2007 
Kurz et al., 2009 
Reimche, 2010 
Clomazone 0.05 91 - 105 <13.4 
500 POST 
500 POST 
500 POST 
500 POST 
500 POST 
500 POST 
24 
28 
35 
42b 
31 
25 
3.5 
3.9 
2.1 
5b 
 
1.9 
Primel, 2003 
Machado, 2003 
Gonçalves, 2007 
Santos, 2008 
Reimche, 2008 
Reimche, 2010 
Imazapic 0.1 81 - 106 <9.0 
25 PRE+25 POST 
25 PRE 
25 POST 
25 POST 
24 
17 
14 
39 
16.1 
12.3 
3,9 
10.2 
Gonçalves, 2007 
Gonçalves, 2007 
Gonçalves, 2007 
Reimche, 2010 
Imazethapyr 0.1 89 - 107 <7.1 
75 PRE+75 POST 
75 PRE 
75 POST 
75 PRE 
75 POST 
75 POST 
28 
19 
14 
13 
20 
28 
7.1 
5.0 
3.1 
1,6 
5.2 
4.5 
Gonçalves, 2007 
Gonçalves, 2007 
Gonçalves, 2007 
Santos, 2008 
Santos, 2008 
Reimche, 2010 
Metsulfuron-
methyl 
0.1 87 - 106 <11.7 2 POST 7 1.4 Machado, 2003 
Penoxsulam 0.2 82 - 115 <8.1 48 POST 60 12.4 Reimche, 2010 
Propanil 0.05 92 - 98 <13.1 
3600 POST 
3600 POST 
3600 POST 
5 
8 
10 
0.8 
0.7 
0.5 
Primel, 2003 
Machado, 2003 
Reimche, 2008 
Quinclorac 0.2 89 - 110 <5.1 
375 POST 
375 POST 
375 POST 
375 POST 
20 
21 
42 
84 
2.2 
3.7 
12.2 
15.5 
Primel, 2003 
Machado, 2003 
Peixoto, 2007 
Reimche, 2010 
2,4-D 0.1 86 - 101 <12.1 
200 POST 
200 POST 
12 
12 
1.4 
3.3 
Primel, 2003 
Machado, 2003 
Table 2. Figures of merit of the analytical methods, herbicide concentrations, persistence and 
half-life (t1/2) in rice paddy water. aThe values corresponding also the theoretical initial 
concentration, in µg L-1, in irrigation water, calculated in 10 cm high water slide; bApplied 
dose: 1500 g a.i. ha-1; cPre- or Post-emergence application. 
Considering the different field experiments conducted in several years at the same place we 
can point out that the results for each herbicide are similar, but different compounds present 
great difference related to the persistence and half-life in paddy water. The average 
persistence, in days, in decreasing order was quinclorac (48.7), bispyribac sodium (38.7), 
clomazone (30.8), imazapic (23.5), imazethapyr (20.3), bentazon (20.0), penoxsulam (12.4), 
2,4-D (12.0) and propanil (7.5). The average half-life in paddy water in decreasing order was 
imazapic (10.6), quinclorac (10.0), bispyribac sodium (5.6), imazethapyr (4.4), clomazone 
(3.3), bentazon (2.1), 2,4-D (1.4), metsulfuron-methyl (1.4) and propanil (0.8). 
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From the results presented it can be stated that rice paddy water need to be retained for 
different periods in the field after herbicide application depending of the herbicides used. 
The highest herbicides concentrations in water occur on the first days after the herbicide 
application decreasing with time, varying between the herbicides and years. The observance 
of the herbicides characteristics permit to reduce the water bodies pollution. Some 
herbicides were still detected after 30 days of the application. To minimize the risks of 
pollution of rivers and other water sources, it is important that the water containing 
pesticide residues remains in paddy for enough time to total herbicide dissipation. 
In general, the herbicides concentrations found showed consistency with the ones reported 
in literature (Capri et al., 1999; Cumming et al., 2002; Quayle, 2003; Ross et al., 1989). So, the 
shorter the period between the herbicides application and the paddy water runoff, the 
higher the herbicides concentration in water and the potential risk to non-target organisms.  
It is important to highlight that pesticide dissipation in irrigation water must be analyzed 
carefully because factors like soil preparation intensity, the period of time between the soil 
preparation and the rice broadcast, herbicide application time, water management, soil 
texture and soil chemical properties have a remarkable influence on herbicides persistence. 
The herbicides maintenance in rice paddy, through an irrigation management that reduces 
the water escape is important to avoid or to minimize herbicides pollution in water bodies.  
For bentazon the results show that on average of three years, there was a decreasing of up to 
64% of the herbicide concentration on the first seven days of the herbicide application. The 
average half-life of this herbicide was 2.1 days, with persistence of 20 days, being similar to 
the values reported by Crosby (1987), which mentioned that the concentration in paddy 
water fell to 22 µg L-1 in 6 days and was undetectable within 12 days. 
In the conducted dissipation study, residues of bispyribac-sodium were found up to 60 days 
after application and the concentration at this time was of 0.3 µg L-1. The average half-life of 
this herbicide was 5.6 days, with values between 2.0 and 12.4. These results corroborate 
Sanchez & Tarazona (2006) who reported that the dissipation of bispyribac-sodium in soil is 
rapid, with half-life of 2 to 7.6 days, while the dissipation in water is highly variable, with 
half-life of 7.7 to 56 days. Bispyribac-sodium belongs to the toxicological class II, considered 
very toxic. 
Clomazone is a quite persistent herbicide being detected in average up to 30 days, in 
concordance with the results obtained by Cumming et al. (2002). Clomazone was also the 
most frequently found herbicide in irrigation water in other studies (Quayle, 2003). The 
characteristic of this herbicide results in the maintenance of high concentration of clomazone 
in the rice field enhancing the possibility of environmental pollution. This is very important, 
since studies conducted with fishes had demonstrated short-term effects of exposure to 
environmentally relevant concentrations of clomazone on AChE activity in brain and muscle 
tissue (Crestani et al., 2007; Miron et al., 2005).  
For the herbicide imazapic, the persistence in paddy water ranged from 14 to 39 days, with 
an average value of 23 days. The average half-life of this herbicide was 10.6, with values 
between 3.9 and 16.1 days. The higher values were observed when the herbicide was 
applied in pre- and also in post-emergence. 
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Related to the herbicide imazethapyr, it presented a middle persistence in paddy water, 
with detectable residues from 13 to 28 days and an average persistence of 20.3 days. The 
half-life ranged from 1.6 to 7.1, with average value of 4.4 days. The difference can be related 
to the application form of the commercial herbicide, which can be in pre- and post-
emergence, or only pre- or post-emergence. Similar results were reported by Marcolin et al. 
(2003), which found detectable concentrations of imazethapyr in water up to 30 days after 
application. Application in pre- and post-emergence had the highest half-life between the 
different application forms. For imazethapyr, photolysis is a major mechanism for its 
dissipation in anaerobic conditions, since the microbial degradation of the herbicide in these 
conditions is almost negligible (Senseman, 2007). Ávila (2005) also states that, when applied 
in pre-emergence, the herbicide has more time for sorption to the soil, reducing its 
availability in the soil solution. This can affect the photodecomposition of imazethapyr 
applied. Study presented by Santos et al. (2008) shows that imazethapyr half-life in paddy 
water varied between 1.6 days, for application at the recommended dose in pre-emergence, 
and 6.2 days, for application in post-emergence.  
Silva et al. (2009) conducted a monitoring study in surface water of rice production areas in 
seven regions of southern Brazil associated with the rice cropping and stated that 
imazethapyr, carbofuran and fipronil were detected in all regions studied.  
Martini et al. (2011) conducted a study about the imazethapyr + imazapic leaching in 
lowland soil related to different rice irrigation managements. The herbicides are persistent 
and mobile in soil, and thus, management practices can affect its dynamics. Soil samples 
were collected from a field experiment submitted to different rice irrigation managements. 
Samples were sliced at 5 cm intervals up to 30 cm in depth. The bioassay compared the 
growth of non-tolerant rice plants grown in soil subjected to the treatments. The herbicide is 
concentrated at 5-20 cm depth, 134 days after the product is applied in lowland soil. 
Moraes et al. (2011) investigated the toxicological responses of Cyprinus carpio after exposure 
in paddy water containing imazethapyr and imazapic, applied at the recommended dose. 
After 30 days in rice field, brain AChE activity decreases and in muscle it was enhanced, 
pointing out short- and long-term effects of these herbicides on this fish. 
The herbicide metsulfuron-methyl was persistent in paddy water for 7 days, with half-life of 
1.4. The recommended dose (2 g i.a. ha-1) is very low resulting in an initial theoretical 
concentration of 2 µg L-1. Pretto et al. (2011) studied the effects of commercial formulation 
containing metsulfuron-methyl on acetylcholinesterase (AChE), antioxidant profile and 
metabolic parameters in teleost fish (Leporinus obtusidens). This study pointed out long-term 
effects of exposure to commercial formulations containing metsulfuron-methyl on metabolic 
and enzymatic parameters. 
Penoxsulam presented half-life of 12.4 days with relatively high remained concentration for 
several weeks. Detectable herbicide concentration was observed up to 60 days after the 
application of the recommended dose in post-emergence. The characteristic of this 
compound results in the maintenance of high concentration of penoxsulam in the rice field 
enhancing the possibility of environmental pollution.  
The penoxsulam is rapidly adsorbed by the soil, except at pH above 8.0 (Senseman, 2007). In 
flooded soil, the penoxsulam occurs almost exclusively in the dissociated anionic form, but 
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is somewhat persistent in water (Senseman, 2007). The dissipation of penoxsulam is rapid 
(Jabusch & Tjeerdema, 2006) and occurs mainly by microbial degradation or photolysis 
(Senseman, 2007). 
The herbicide propanil showed the shortest persistence, with detectable residues up to the 
tenth day after application and half-life of 0.8 days. The rapid reduction of the concentration 
of propanil from 3600 to 0.1 µg L-1 is due to its fast hydrolysis (Barceló et al., 1998). 
However, propanil and its metabolite 3,4-dichloroaniline (3,4-DCA) can constitute a risk for 
surface waters and for human health (Pereira & Hostettler, 1992; Pastorelli et al. 1998). 
Monitoring studies of surface water carried out in the USA showed that 3% of the 1560 
analyzed samples contained propanil in a concentration of up to 2 µg L-1 and 3,4-DCA was 
detected in 50% of the samples with concentration of up to 8,9 µg L-1 (EPA, 2006). In our 
studies, the concentration of 3,4-DCA increases until the 2nd day and then starts to decrease. 
The 3,4-DCA is detected up until the second week after the application of propanil and on 
the 14th day after the application the presence of 3,4-DCA was still detected at a 
concentration of 1.6 µg L-1. Studies on the persistence of propanil in irrigated rice conditions 
conducted by Deul et al. (1977) showed that its dissipation occurs within 24 hours and that 
the amount of dissipated propanil corresponds to the concentration of 3,4-dichloroaniline 
(DCA), indicating biological degradation of propanil to DCA.  
Quinclorac presented average half-life of 10 days with relatively high remained 
concentration until the seventh day (232 µg L-1, average) representing 39% of the applied 
concentration. Detectable herbicide concentrations were observed in average up to 48 days 
after the application. Crosby (1987) published that in USA, under field conditions, 
quinclorac dissipated to undetectable levels in 31 days. Vencill (2002) reported that 
quinclorac present variable mobility depending on soil type and organic matter and it can 
persist in the soil for one year affecting susceptible crops in rotation programs.  
For the herbicide 2,4-D, the persistence in paddy water was 12 days, varying the 
concentration from 2 to 50 µg L-1 at the end of the first week. The average half-life of this 
herbicide was 1.4 days. In water, the speed of 2,4-D degradation is fast depending on: 
concentration of nutrients, sediments, dissolved organic carbon and water oxygenation 
(Sanches-Brunete et al., 1991). Under simulated conditions, studies showed that light is also 
an important element on 2,4-D degradation, showing that this herbicide under light 
degradated faster than quinclorac (Lavy et al., 1998).  
5. Conclusions 
The information obtained with the field experiments allows a better understanding of the 
behavior of the herbicides in rice paddy water. The sample preparation by SPE followed by 
the analysis by LC-DAD or LC-MS/MS has proven to be efficient to show the decrease of 
the herbicides concentrations after the application of the commercial formulations at the 
field. LC-MS/MS permits a better quantification with confirmation of the compounds. The 
developed methods presented method limit of detection between 0.05 and 0.2 µg L-1 
permitting adequate analyses of the paddy water samples from the diverse field 
experiments conducted in a period of several years. No interferences from the matrix was 
observed during the quantification of the herbicide residues. 
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Analyzing the results obtained, it can be recommended that irrigation water should be 
maintained, after application of the selected herbicides, for at least 20 days for the most 
herbicides and more than 30 days when more persistent herbicides, like quinclorac, 
bispiribac-sodium, clomazone and penoxsulam are used. This time, before releasing the 
water into the environment, is very important to reduce the pollution of water courses with 
herbicide residues. From the experiments repetitions it can be also concluded that the 
climatic conditions are very important in the process of decrease of the concentration in rice 
paddy water. Also the storage of rainwater, through irrigation managements, is very 
important to reduce the runoff of water from the paddy fields and the mass of pesticide 
transported to the environment. 
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